Transition-metal chalcogenides (TMCs) have emerged as attractive anode materials for rechargeable batteries due to their excellent performance and abundant resources. Here, for the first time, we disclose a unique copper (Cu)-driven conversion process in TMC-based battery systems that involves classic Cu current collector and is considered to be an "activation process". According to state-of-the-art characterization techniques, Cu was evidenced to gradually replace the transition-metal elements in TMCs to be the active material during cycling. Based on this unique Cu-driven conversion mechanism, we used a facile method to design a new type of sulfurbased battery that presents excellent performance: a reversible capacity of 1.045 mAh cm −2 after 700 cycles at
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Introduction
Currently, environmental consequences such as global warming and pollution, which are generated by the consumption of fossil fuels, have increased the demand for renewable and sustainable energy resources. Solar and wind systems have shown considerable promise as large-scale clean-energy systems as a result of numerous breakthroughs in the last few years [1, 2] . The utilization of electricity generated from such intermittent energy sources requires efficient energy storage systems. Lithium-ion batteries (LIBs) are one of the most popular energy storage techniques because of their merits, such as high energy density and no memory effect [3] . However, the increasing utilization of limited lithium resources in energy storage applications has pushed up the price of lithium compounds, making it difficult for LIBs to meet the demands of the proposed low-cost, largescale energy storage applications. Owing to the electrochemical similarities between Li and Na, sodium-ion batteries (SIBs) have shown their great potential in electrochemical energy storage owing to the low cost and abundance of sodium resources [4] . However, the larger size of Na + compared to Li + makes finding an appropriate host material more challenging. Therefore, additional exploration of new sodium storage systems is urgently needed [4] [5] [6] [7] .
As an important component of rechargeable batteries, anode materials have long been a hot topic for researchers. Among the three typical anode materials, conversion-type materials (such as transitionmetal oxides and transition-metal chalcogenides (TMCs)) have drawn wide attention because of their high capacity and the wide distribution of raw resources. Recently, TMCs (MoS 2 , FeS 2 , FeSe 2 , CoSe 2 , etc.) have been reported with decent sodium storage performance in terms of long-term cyclability and high rate capability [8] [9] [10] [11] [12] [13] [14] . However, despite their impressive performance, these TMCs feature a common characteristic: the charge/discharge curves (potential plateau) of the TMCs change dramatically during cycling process, and this has been attributed to an activation process in previous reports [10, 11] . Without further clarification, the assumed "activation process" seems to be a panacea of this abnormal voltage evolution, with researchers remaining unaware of some of the underlying electrochemical processes involved in TMCs anodes.
In this work, we demonstrate that the "activation process" in TMCs for sodium storage is actually a copper (Cu)-driven conversion process. During cycling, Cu replaces the transition-metal elements in the TMC materials to be the active material. By cleverly using this Cu-driven conversion mechanism, we developed a new type of sulfur-based battery that is mainly composed of three simple components: sublimed sulfur, Cu foil, and sodium anode. In contrast to traditional RT sodium-sulfur batteries, this new type of battery possesses a new reaction mechanism in which the Cu current collector plays a vital role, and enables a high reversible capacity of 1.045 mAh cm -2 to be reached after 700 cycles at 2 A g -1 with
little capacity loss and a high Coulombic efficiency of~100%. These outstanding properties along with the low-cost manufacturing technique, make this new type of sulfur-based battery a promising candidate for largescale energy storage systems. Furthermore, we propose a new principle of choosing the desired current collector for an energy storage system, as this approach will guide the design of future electrode materials and advance fundamental studies of both lithium and sodium storage.
Materials and methods

Experimental methods
Preparation of FeS 2
FeS 2 (pyrite) was purchased and grounded to fine powder.
Preparation of NiS 2
18 ml of ethylenediamine and 18 ml of glycol were mixed for 10 mins, then 1 mmol of NiCl 2 ·6H 2 O and 4 mmol of sulfur powder were added into the above solution. After stirring for another 30 mins, the suspension was transferred into a 50 ml Teflon-lined sealed autoclave and maintained at 180°C for 12 h. Finally, the autoclave was cooled down to room temperature naturally. The black precipitates were collected and washed with distilled water and absolute alcohol several times by centrifugation. Then the products were dried under vacuum at 80°C overnight.
Preparation of CoSe 2
Two solutions were first prepared. Solution A was prepared from 0.32 g of selenium powder dissolved in 30 ml of NaOH (4 g) aqueous solution. Solution B was prepared from 0.48 g of CoCl 2 ·6H 2 O dissolved in 10 ml of 0.25 M EDTA solution. Then, the two solutions were poured into a 50 ml Teflon-lined sealed autoclave and maintained at 140°C for 36 h. The obtained product was collected and washed with dilute acid and distilled water, and then dried under vacuum at 80°C overnight. 2 2 mmol of Fe(NH 4 ) 2 (SO 4 ) 2 ·6H 2 O, 4 mmol of Se powder, and 20.8 mmol of citric acid were added into 44 ml of distilled water, and then 16 ml of hydrazine hydrate was added drop-wise into the mixture. After vigorous stirring and sonication for 30 mins, the suspension was transferred into a 100 ml Teflon-lined sealed autoclave to heat at 180°C for 12 h. The as-prepared product was washed thoroughly with distilled water and absolute ethanol, and then dried under vacuum at 80°C overnight.
Preparation of FeSe
Material characterization
Field emission scanning electron microscopy images were performed by a JEOL-7100F microscope. XRD and in-situ XRD patterns of the samples were obtained with a D8 Advance X-ray diffractometer, using Cu-Kα radiation (λ = 1.5418 Å). 200 nm Cu was deposited on Be by physical vapor deposition. TEM and HRTEM images were collected with a JSM-2010 microscope. Element mapping was tested by using an EDX-GENESIS 60S spectrometer.
Preparation of electrodes
The working electrodes were prepared by mixing 80 wt% active material, 15 wt% acetylene black and 5 wt% carboxyl methyl cellulose (CMC) binder. The slurry was cast onto Cu and Ti foil by using a doctor blade and dried in a vacuum oven at 80°C for 8 h, respectively. The mass loading of active materials was 0.8-5.0 mg cm -2 . Specially, for S electrode, it should be dried in a vacuum oven at room-temperature and then transferred into a freezer immediately after casting onto Cu foil. The reason is that S can react with Cu easily even at roomtemperature.
Electrochemical performance test
The electrochemical properties were characterized in 2016 coin cells with sodium foils as the counter electrode. Ether-based solution (1 M NaCF 3 SO 3 in diethyleneglycol dimethylether (DEGDME)) is used as the electrolyte. A composite membrane consisting of glass fiber/ Celgard 2400/glass fiber (Fig. S11 ) is used as the membrane to prevent overcharge. Due to the large porosity of the glass fiber, the sodiumdendrites will penetrate the membrane resulting in the over-charging of the battery, as shown in Fig. S11b . The composite membrane prevents the over-charging completely, since the sodium-dendrites cannot penetrate the Celgard 2400 due to its low porosity and plate on the interface between the glass fiber and the Celgard 2400 (Fig. S11c). Galvanostatic charge/discharge measurements were performed using a multichannel battery testing system (LAND CT2001A). Cyclic voltammetry (CV) was collected with an Autolab potentiostat/galvanostat at room temperature.
Results and discussion
Here, we focus on studying the properties of four typical TMCs. FeSe 2 , CoSe 2 and NiS 2 were prepared as described in previous literatures [10, 15, 16] , and FeS 2 (pyrite) was purchased. Scanning electron microscopy (SEM) images, digital photo, and X-ray diffraction (XRD) patterns of the TMCs are shown in Fig. S1 . The XRD patterns are consistent with previous reports, and no impurity peaks are detected in any of the samples, indicating that all four samples were highly pure.
Coin-cells were used to examine the electrochemical performance of the four samples. All samples were fabricated into electrodes using the following previously reported method. The electrodes were prepared by mixing the electroactive materials, acetylene black, and carboxyl methyl cellulose at a weight ratio of 80:15:5. Then the slurry was cast onto Cu foil and dried in a vacuum oven at 80°C for 12 h (see the Supplementary information for further details). All electrochemical tests were performed by assembling and testing coin 2016-type half cells. An ether-based solution (1 M NaCF 3 SO 3 in diethyleneglycol dimethylether (DEGDME)) was used as the electrolyte. All cells were tested between 0.2 and 3.0 V at a current density of 1 A g -1 . Notably, the discharge/charge plateaus of the four samples vary continuously during the cycling process, as mentioned above (Fig. 1a-d) . However, this phenomenon is abnormal. For battery systems, the discharge/charge plateaus are generated from the redox reaction of the redox couple [17] . The potential shift is probably due to a change of redox couple.
The structure and contact interfaces of the working electrode in SIBs during the cycling process are illustrated in Fig. 1e (taking FeS 2 as an example). The basic principle when choosing a current collector is that the electrolyte should not react with the current collector. For a long time, Cu has been considered to be an ideal current collector for anode materials. FeS 2 converts into a compound consisting of Fe and Na 2 S when the battery is discharged to a low potential (0.2 V here) [18] , as depicted in Eq. 1:
(1)
Energy Storage Materials xxx (xxxx) xxx-xxx
As the current collector, Cu foil is in contact with Fe and Na 2 S in the active material, which means that Fe and Cu will undergo dynamic competitive reactions when the battery is charged back to 3 V, as shown in the following equations:
Denoted by the area surrounded by the black dotted line in Fig. 1e: xFe+Na S→Fe S + 2Na +2e
Denoted by the area surrounded by the red dotted line in Fig. 1e: xCu+Na S→Cu S + 2Na +2e
Copper sulfides have been reported to possess a unique displacement mechanism with lithium in LIBs that leads to much smaller overpotentials than are found in other conversion reactions, suggesting more facile kinetics during the reaction [19, 20] . Cui's group has reported that the chemical diffusion coefficient of Cu in Cu 2 S is much higher than that of other metal sulfides such as FeS 2 (approximately 10 10 times higher) [20] . This implies that the active material FeS 2 will be replaced by copper sulfide through the above dynamic competition, which lead to the dramatic changes in the discharge/charge plateaus. To analyze the component evolution of the active materials, energydispersive X-ray spectroscopy (EDS) elemental mapping was used to detect the distribution of Cu in the electrode before and after cycling. In the cross-sectional view in Fig. 1f , the original electrode shows an obvious demarcation between the active material (FeS 2 ) and Cu. After 50 cycles, it is difficult to distinguish between the active material (FeS 2 ) and Cu, which demonstrates that the Cu has diffused into the active material. After 100 cycles Cu has diffused throughout the entire active material. The other three samples also exhibit a similar trend in which Cu occupies the entire active material after 50 cycles (Fig. S2) . These results indicate that Cu is truly involved in the electrochemical reaction of the electrode during cycling.
To reveal the influence of Cu on the electrochemical properties of TMC materials, control experiments were conducted using titanium (Ti) foil as the current collector in the assembled batteries.
Interestingly, when using the Ti current collector, the shape of the discharge/charge curves of the four samples is well maintained during cycling (Fig. 2a-d) . The discharge/charge plateaus are just shortened along with the capacity fading without potential shift, which indicates the corresponding redox couples are not change [17] . Clearly, the cycling stability of the active materials supported on Cu is much better than that of those supported on Ti (Fig. 2e-h ).
To gain further insight into the transformation mechanism, transmission electron microscopy (TEM) analysis was performed on the following TMCs supported on a Cu current collector: NiS 2 after 200 cycles and CoSe 2 after 50 cycles (as shown in Fig. 2i-o (Fig. 2i-o) . The Cu 2−x S system exhibits rich crystal chemistry with a variety of closely related phases [20] . It is difficult to determine the exact phases of Cu 2−x S, owing to the similar diffraction patterns and the variable diffraction peak intensities of its nanocrystals [21, 22] . Thus, we chose Cu 1.9375 S (JCPDS No. 71-1383) and Cu 2 S (JCPDS No. 72-1071) to refer to Cu 2−x S, according to the SAED pattern. For CoSe 2 electrode, it shows a small amount of residual CoSe 2 composited with a mass of Cu 2 Se (JCPDS No. 76-0136) in the electrode, according to the SAED pattern and EDS analysis, which suggests that the Cu-driven conversion process is incomplete after 50 cycles (Fig. S3c, d and h) . In brief, all of the results demonstrate that Cu is superior in this dynamic competition in the Cu-supported TMC-based batteries.
In-situ XRD technique was applied to explore the actual chemical/ physical process for the component evolution of active materials (Fig. 3) . The schematic structure of the in-situ XRD device is shown as Fig. 3a . One side of Be was coated by Cu via physical vapor 
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deposition (PVD) (the thickness of Cu is 200 nm), which was used as the current collector. Then the active material (FeSe 2 ) slurry was cast on the Cu and assembled the battery. Based on the XRD of the electrode (Fig. S4a) , the 2θ were recorded from 30°to 45°, a range which can well reflect the changes of FeSe 2 and Cu. It demonstrates that a conversion reaction of FeSe 2 occurs with the potential below 1.00 V during the first discharge process, along with the disappearance of (101), (111) and (120) of FeSe 2 (Fig. 3b) . This is attribute to the FeSe 2 crystals transform into a polycrystalline mixture of Na 2 S and finely dispersed metallic iron which is hardly detected by XRD during the conversion reaction [20] . Interestingly, the Cu exhibits a periodical disappearance, which only occurs during the charge processes (Fig. 3b) . This indicates that Cu would replace Fe to form the copper selenide during the charge processes along with the cycling, as we mentioned above. Fig. S4b shows the intensity of the (111) peak of Cu at full charge state of different cycles, which demonstrates that the 200 nm Cu layer has totally reacted after 4 cycles. The charge curve is also changed along with the consumption of Cu (Fig. 3b) . Based on the chemical and structural evolution features of typical TMCs, we identify that the stable capacity of TMCs on the Cu current collector is mainly attributed to the Cu. Although a number of cycles were achieved, all the capacity resulted from the copper sulfide or copper selenide species after the Cu-driven conversion process was completed. The whole process is defined as a Cu-driven conversion mechanism, as shown in Fig. 3c , and can be described as follows: (i) during the discharging process, TMCs react with Na + and are converted into transition metals and Na 2 S or Na 2 Se; (ii) during the charging process, Cu reacts with Na 2 S or Na 2 Se to form copper sulfide or copper selenide species because of the faster diffusion rate of Cu ions in these species; and (iii) after several cycles, TMCs are completely converted into copper sulfide or copper selenide species completely, which is indicated by the stabilization of the discharge/charge curves. Inspired by the unique Cu-driven conversion mechanism, we designed a new type of sulfur-based battery, as illustrated in Fig. 4 . Commercial sublimed sulfur was used as the cathode material. After ball-milling with the binder and acetylene black, the cathode material was then cast onto Cu foil to fabricate the electrode (Fig. 4a) . The specific capacity values are calculated on the basis of the mass of sulfur. . The initial discharge capacity (0.831 mAh cm -2 ) is lower than that of later cycles owing to the slow reaction rate of sulfur and Na + , which results from the poor electrical conductivity of sulfur. During the first charging process, Na 2 S is partly converted to copper sulfide species, which enhances the electrical conductivity of the entire active material owing to the good electrical conductivity of copper sulfides [22] [23] [24] . Then, the battery shows a greatly increased capacity (1.004 mAh cm -2 ) in the second discharging process, which is revealed in the discharge/charge curves of the first three cycles, as shown in Fig. S5 . In addition, the discharge/charge curves also undergo a gradual stabilization process that is due to the accumulation of Cu in the active material (Fig. S5) . We also evaluated the electrochemical performances of CuS and Cu 2 S supported on Ti, as shown in Fig. S6 . At the beginning of the cycling process for sulfur, the discharge/charge curves show a discharge plateau at~1.9 V and a charge plateau at~2.1 V, which can be ascribed the discharge/charge process of CuS ( Supplementary Figs. 4 and 5c). Even more intriguing, after the discharge/charge curves stabilized, the discharge/charge curves of our new battery are consis- tent with those of the pure Cu 2 S cathode ( Supplementary Figs. 4 and 5f). These results confirm the accumulation of Cu in the active material. Furthermore, this new sulfur-based battery shows a superior rate capability, as shown in Fig. 4d . As the current densities gradually increase from 0.2 to 0.5, 1, 2, 5 and 10 A g -1 , the specific capacities of the battery change from 1.33 to 1.18, 1.13, 1.055, 0.9 and 0.59 mAh cm -2 , respectively. Even at an ultrahigh current density of 20 A g -1 , the capacity still remains at 0.33 mAh cm -2 . When the current density returns to 0.5 A g -1 , the capacity recovers to 1.160 mAh cm -2 . To evaluate the practicability of this battery, a high area loading (S: 5 mg cm -2 ) battery has been assembled. It shows good cycling stability at 0.2 A g -1 (4.14 mAh cm -2 after 30 cycles, as shown in Fig. S7a ). But the high rate performance is inferior which is due to the poor kinetics result from the high loading (Fig. S7b) . Detailed comparisons between this new type of battery and traditional RT sodium-sulfur batteries are listed in Table S1 [25, 26] . This superior performance, achieved by such a simple and practical method, guarantees its real application in large-scale energy storage systems. Moreover, a selenium-based battery was also assembled via the same method as shown in Fig. S8 . This battery shows impressive cycle stability after three cycles at 2 A g -1 . Similar to the sulfur-based battery, the selenium-based battery also presents a potential shift phenomenon. We should note that the Cu-driven conversion process in selenides is faster than that in sulfides (Fig. 4c, Fig. S5 and S8c). Similarly, the shape and plateau of the stabilized discharge/charge curves for the sodium-selenium battery are almost the same as that for FeSe 2 and CoSe 2 supported on Cu. The cyclic voltammetry (CV) curve of the selenium-based battery after 50 cycles exhibits three reduction peaks and two oxidation peaks, which is consistent with the previously reported CV curves of FeSe 2 and CoSe 2 [10, 11] . These results demonstrate that our insight into the Cu-driven conversion mechanism can be extended to develop new selenide-based battery systems. We should mention that the ether-based electrolyte greatly influences the Cu-driven conversion process for TMCs. When an esterbased electrolyte is used, the capacity of TMCs rapidly decays before the complete conversion of S to Cu x S (Fig. S9a and b) . Fig. S9 shows the electrochemical performance of sulfur supported on Ti. This system displays very fast capacity fading at a current density of 2 A g -1 and
exhibits discharge/charge plateaus corresponding to the 2Na + + S + 2e ↔ Na 2 S reaction ( Fig. S9c and d ) [27] . For this new sulfur-based battery system, it can be anticipated that Cu foil will become thinner owing to its dual role as current collector and active materials, and the amount of Cu consumption is correlated with the loading mass of sulfur. The weight of Cu current collector has been evaluated after different cycle, as shown in Fig. S10 . The pristine Cu current collector is 13.52 mg (diameter is 14 mm, thickness is 10 μm). The mass loading of S is 1 mg cm -2 . After 2 cycles, the weight decreases to 9.43 mg, and after 20 cycles, the weight stabilizes at around 8.5 mg (Fig. S10a and b) . This result indicates that, in this sulfur-based batteries, the Cu-driven conversion process is drastic in the first few cycles and almost completed after 20 cycles. The actual active material loading is around 4.2 mg cm -2 after the Cu-driven conversion process completed (Fig. S10c) . Moreover, the synchrotron HEXRD shows that, after 100 cycles, the active material has been converted to Cu 2 S (Fig. S10d) . Due to the superior reversibility of copper sulfides, the Cu foil will not be continually consumed after the Cu-driven conversion process completed. Even after 700 cycles, the Cu foil maintains good integrity, which means that the current collector function of Cu foil does not change (Fig. S10e) . Anode materials are typically supported on Cu current collectors for testing in LIBs and/or SIBs. Considering the above-described reaction mode of Cu and TMCs, we further examined the scenario in other anode systems in which Cu foil is involved. Vanadium oxides have been studied as active materials for rechargeable batteries for many years, both as anodes and as cathodes [28] [29] [30] . Interestingly, in Cu 2.33 V 4 O 11 , the displacement reaction of Cu in the [V 4 O 11 ] n layer has been reported to be electrochemically reversible [31] . This suggests that it is highly possible for Cu to insert into the layers of vanadium oxides in Cusupported vanadium oxide electrodes, thus affecting their electrochemical performance. The insight that emerges from the unexpected Cudriven conversion in our present anode systems can guide the rational choice of suitable current collectors. Meanwhile, this is an exciting new direction for the development of new energy storage systems that can take full advantage of Cu-driven conversion reactions.
Conclusion
We determined that the drastic potential shift of TMCs in SIBs is caused by a Cu-driven conversion mechanism, which reveals the actual electrochemical reaction process of these materials. Based on the unique Cu-driven conversion mechanism, we developed a new sulfur-based battery system that possesses a superior electrochemical performance. This new type of sulfur-based battery shows great potential for large-scale energy storage systems. Furthermore, as the current collector, Cu participates in the reaction during cycling and thus influences the performance of many host materials. We proposed a new principle for choosing current collectors: an ideal current collector should be inert to both the electrolyte and the intermediate products of active materials during the cycling process. We believe that this work will be of great significance for future fundamental research into energy storage systems. ).
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